INTRODUCTION
The goal of the proposed National Spallation Neutron Source (NSNS) [1] is to provide a short pulse proton beam of about 0.5 µ s with average beam power of 1-2 MW. To achieve such a purpose, a proton storage ring operated at 60 Hz with 1-2 x 10 14 protons per pulse at 1 GeV is required.
The proton storage ring is one of the major systems in the design of the NSNS. The function of the storage ring is to take the 1.0 GeV proton beam from the Linac and convert the long Linac beam of about 1 ms into a 0.5 µ s beam in about one thousand turns. The final beam has 1 x 10 14 proton per pulse, resulting in 1 MW average beam power at 60 Hz repetition rate. Provision has been reserved for a future upgrade to 2 MW by doubling the storage beam to 2 x 10 14 proton per pulse. The lattice of the storage ring is a simple FODO lattice with three-fold symmetry and the dispersion function is reduced to zero at straight sections by the missing magnet scheme. The total circumference of the ring is 208.6 m and the transition energy is 3.43, higher than the operating energy of 1 GeV to avoid the difficult instability problem that are expected above transition. Other salient design parameters are shown in Table 1 . *
WALL IMPEDANCE BUDGET
The frequency range and the magnitude of the wall-coupling impedance in a storage ring is determined essentially by the dimensions of the vacuum chamber and by the energy of the beam through the relativistic factor γ . A major feature of a low-energy storage ring is the low value of γ and therefore of the impedance frequency range of interest. In fact the cut-off harmonic number above which the beam does not interact effectively with the wall components is given roughly by n c ~ γ R/b, where R is the average ring radius and b is the average vacuum chamber size. Using parameters shown in Table 1 it is seen that n c ~ 277, which is a very narrow frequency range (of only 0.5 GHz).
Longitudinal Coupling Impedance
It is customary [2] to express the beam-wall interaction by the Z/n impedance because it enters in some stability con- 
where Z 0 = 377 ohm and a is the average beam radius. For the example given in Table 1 , the space-charge contribution is 114 i ohm.
The next contribution is the resistivity of the wall [4] 
where the wall resistivity ρ w = 2.83 µ Ω x cm for Aluminum. At the lowest harmonic n=1, we have Z/n = (1-i) 0.12 ohm. At the same time the skin depth is 0.0744 mm. Thus a vacuum chamber thickness of 2 mm is more than adequate for screening the beam from interacting with other components outside the vacuum chamber .
Next we have contributions which are caused by discontinuity of the vacuum chamber. These are bellows, beam position monitors, vacuum chamber steps, pump ports, kicker magnets, and rf cavities. Explicit expressions and contribution from each of them can be found in [5] . Figure 1 gives a plot of the expected total longitudinal coupling impedance for the example of the NSNS storage ring. Figure 1 . Longitudinal Coupling Impedance Z/n in ohm, versus harmonic number n
Transverse Coupling Impedance
There are four major contributions to the transverse coupling impedance. Like in the longitudinal case, also here the space charge contribution dominates in a low-energy storage ring. We have also contribution from the resistivity of the wall. By virtue of the deflection theorem, the beamwall coupling impedance estimate can also be translated into an equivalent transverse coupling impedance. Figure 2 gives the estimate of the transverse coupling impedance for the low-energy NSNS storage ring.
INDIVIDUAL BUNCH INSTABILITIES
It is customary to divide these in the longitudinal, transverse and head-tail effects. We shall examine each of them below for the example of the NSNS storage ring described above. We like to point out that our case corresponds again to a low-energy storage ring operating well below the transition energy. Therefore results that are typical to high energy storage rings do not necessarily apply here.
Longitudinal Instabilities
There is a single long bunch. Coasting beam theory [4, 6] is first applied by estimating the complex factor
where I p is the bunch peak current and η = γ T -2 -γ -2 For our case, taking the space charge contribution and an inductive wall contribution of -i 20 ohm as well as a resistive contribution of 3 ohm gives U ′ = 1.1 and V ′ = 0.02 which corresponds to a full momentum spread ∆ p/p = 1.7 %. Figure 3 shows the stability diagram in the (U ′ ,V ′ ) -space for a cos-distribution [6] . The working point is marked with a large black circle. It corresponds to a total bunch area of 10 eV-s. With this value the motion is stable. Figure 2 . Transverse Coupling Impedance Z T in kohm/m, versus harmonic number n Even when the U ′ , V ′ parameters fall outside the coasting beam stability area, there are two other conditions that are to be satisfied in order for the motion to be unstable. One is the so-called Hereward condition [7] , that is the ratio of the instability growth rate to the synchrotron frequency should be less than unit. In our case this is 0.084 which clearly shows very little consequences from the synchrotron motion, and thus the beam continues to be stable
The other condition deals with the fact that the coasting beam theory was developed assuming only one mode at the time, that is that neighboring coherent modes are completely decoupled from each other. This is satisfied only if the real frequency shift is sufficiently small compared to the revolution frequency. Unfortunately the real frequency shift is 3.5 times the revolution frequency so that several coherent modes are involved at the same time [8] . We do not have yet an understanding of this effect and whether there is a consequence to the beam stability.
Transverse Instability
Also in this case the method is the same. We first apply a coasting beam theory [9, 10] stability condition given by
where E 0 is the proton rest energy, ξ the accelerator chromaticity, and δν the betatron tune spread from non linear elements like octupole magnets. We estimate also the growth rate of a potential instability in the limit of no Landau damping [5] ,
For n < 100 the growth time is smaller than 0.2 ms which is considerably shorter than the synchrotron period of 1. instabilities. The stability condition (4) cannot be satisfied for n < 100 without an external tune spread. For the motion to be stable at all modes one requires δν = 0.11 which can be provided by octupole magnets. It is to be noted that the tune spread from the incoherent space-charge forces does not have a stabilizing effect on coherent oscillations. 
Head-Tail Effect
The only other concern left is the possibility of slow headtail instabilities [11] , for which the stability criterion (4) does not apply. This type of instability is caused by the transverse betatron motion coupled to the synchrotron motion. It may occur only when the growth rate is comparable or lower than the synchrotron frequency. The parameter of relevance is the accumulated betatron phase shift
where τ L is the bunch length in time units, and f 0 is the revolution frequency. For the case of uncorrected chromaticity this quantity is positive and large (we are constantly below transition energy and ξ < 0), ranging around 60. The head-tail mode numbers m which are stable, also in the absence of Landau damping, can be estimated from the condition m < χ / 2 π , which gives m < 10. Thus the headtail instability is unlikely to appear in the accumulator ring.
INCOHERENT SPACE-CHARGE EFFECTS
The space charge effects are particularly important in NSNS, owing to the relatively low injection energy, and also the allowed low level of the beam loss. The maximum incoherent tune spread is estimated by,
where N is the total number of particles, r p = 1.535 x 10 -18 m, and ε is the full unnormalized beam emittance which can be taken as 5 times the rms emittance. The bunching factor B f is defined as the ratio of the average beam current over the peak current. To avoid arbitrary cuts and discontinuity of the distribution at the tail, we have adopted a square-cosine type of distribution with τ L the total bunch length. The bunching factor for such a distribution can be easily estimated,
We note that in the NSNS there is only one single bunch. The resulting tune spread for the NSNS is 0.2. In practice this value is expected to be lowered by the flattening effect of the longitudinal space charge forces. Moreover, a tune spread of about half the space-charge depression is needed to be created with octupoles to stabilize the beam against transverse coherent oscillations. The octupole polarity can be chosen in such a way the corresponding tune spread actually subtract from the space charge value yielding an overall spread of about 0.1.
Other two approaches can be considered to reduce further the tune spread. One is the use of a second harmonic RF system to flattened the distribution toward larger values of the bunching factor. The second method is to adopt the "painting" technique during injection to shape the beam toward a more rectangular transverse distribution. There are nevertheless concerns about the attainment of these flattened distributions since they can cause disruptive effects of coherent instability both in the longitudinal and transverse plane. 
